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Cellular dedifferentiation underlies topical issues in biology such as regeneration and nuclear cloning and has common features in plants and
animals. In plants, this process characterizes the transition of differentiated leaf cells to protoplasts (plant cells devoid of cell walls) and is
accompanied by global chromatin reorganization associated with reprogramming of gene expression. A screen for mutants defective in
proliferation and callus formation identified kyp-2—a mutant in the KRYPTONITE (KYP)/SUVH4 gene encoding a histone H3 lysine 9 (H3K9)
methyltransferase. Analysis of telomere length revealed stochastic telomerase-independent lengthening of telomeres in wild type but not in kyp-2
protoplasts. In kyp-2 mutant, telomeric repeats were no longer associated with dimethylated H3K9. The Arabidopsis telomerase reverse
transcriptase (tert) mutant displayed accelerated proliferation despite its short telomeres, though it also showed accelerated cell death. Microarray
analysis uncovered several components of the ubiquitin proteolytic system, which are downregulated in kyp-2 compared to wild-type protoplasts.
Thus, our results suggest that histone methylation activity is required for the establishment/maintenance of the dedifferentiated state and/or reentry
into the cell cycle, at least partly, through activation of genes whose products are involved in the ubiquitin proteolytic pathway. In addition, our
results illuminate the complexity of cellular dedifferentiation, particularly the occurrence of DNA recombination that can lead to genome
instability.
© 2007 Elsevier Inc. All rights reserved.Keywords: Dedifferentiation; Pluripotency; Histone methylation; Chromatin; Telomeres; Alternative lengthening of telomeres (ALT); Proliferation; Callus;
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Cellular dedifferentiation underlies topical issues in biology
such as regeneration and nuclear cloning and has common
features in plants and animals (Echeverri and Tanaka, 2002;
Wilmut et al., 2002; Odelberg, 2002; Grafi, 2004; Brockes and
Kumar, 2005). Dedifferentiation signifies the withdrawal of
cells from a given differentiated state into a ‘stem cell’-like state
that confers pluripotency—a process preceding reentry into the
cell cycle (reviewed in Grafi, 2004). This early phase has been⁎ Corresponding author. Fax: +972 8 6596742.
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doi:10.1016/j.ydbio.2007.03.023hardly addressed, largely because of lack of a suitable expe-
rimental system. This limitation is easily overcome by the use of
the plant protoplast system (Fig. 1A). Treatment of differen-
tiated mesophyll cells with cell-wall-degrading enzymes
generates a large population of protoplasts (plant cells devoid
of cell walls), which in the course of their formation have
acquired a state of dedifferentiation but are not yet committed to
any specific fate. The state of dedifferentiation is evidenced by
changes in cell morphology, genome organization and the
pattern of gene expression, as well as by the capability of
protoplasts to differentiate into multiple types of cells depend-
ing on the type of stimulus applied (Takebe et al., 1971; Valente
et al., 1998; Zhao et al., 2001; Avivi et al., 2004). Dediffe-
Fig. 1. Screening for mutants in chromatin modifying genes impaired in callus formation. (A) The Arabidopsis protoplast system for studying cellular
dedifferentiation. Differentiated leaf cells respond to the removal of cell wall (cellulase) by undergoing dedifferentiation and forming pluripotent protoplasts (Grafi,
2004). At this stage, additional signals determine cell fate. Application of auxin and cytokinin induce reentry into the cell cycle, proliferation and formation of callus
from which, under appropriate regeneration medium (RM), shoots and roots can be regenerated to form the entire fertile plant (Takebe et al., 1971). (B) Impaired callus
formation in the kyp-2mutant, carrying a mutation in the Kryptonite gene encoding a lysine 9 histone H3 methyltransferase. Images were taken after 14 days on callus
inducing medium (CIM). Ler, wild-type Arabidopsis ecotype Landsberg erecta; lhp1, like heterochromatin protein 1; cmt3, chromomethylase3; clf, curly leaf; ddm1-
2, decrease in DNA methylation1. Bar=2 mm. (C) Callus formation in kyp-2 mutant compared to wild-type (WT, Ler) plants after 24 days on CIM. Each callus
developed from a single seed. Bar=3 mm. (D) Reduced leaf explants survival (%) and callus weight (after 28 days on CIM) in kyp-2 relative to wild type (ecotype Ler).
Bars represent the standard deviation.
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reorganization (Blank et al., 1992; Zhao et al., 2001; Williams et
al., 2003; Avivi et al., 2004) associated with changes in patterns
of gene expression (Jamet et al., 1990; Criqui et al., 1992; Avivi
et al., 2004). Chromatin reorganization appears to be a funda-
mental theme in cellular dedifferentiation and reentry into the
cell cycle both in plants and animals (Chiabrera et al., 1979;
Blank et al., 1992; Kikyo et al., 2000; Gonda et al., 2003). Thus,
studying dedifferentiation in plants might have bearing on
various dedifferentiation-driven cellular processes in animals
such as regeneration and nuclear cloning.
The basic structural unit of chromatin is the nucleosome,
which is composed of DNA wrapped around histone octamer
containing two copies of each of the four core histone
proteins, H2A, H2B, H3 and H4 (Kornberg and Lorch, 1999);
additional factors are involved in the organization of this basicchromatin unit into higher order chromatin structure (Grewal
and Moazed, 2003). The ‘histone code’ hypothesis suggests
that chemical modifications of the DNA (e.g., cytosine
methylation) or of histone proteins (e.g., acetylation, methyla-
tion and phosphorylation) (Wolffe, 1992) generate ‘codes’ for
the recruitment of proteins or protein complexes that affect
chromatin structure and gene expression (Jenuwein and Allis,
2001; Zhang and Reinberg, 2001). For example, methylation
of cytosine at CpG context generates a binding site for
methyl-CpG binding domain (MBD) proteins (Zemach et al.,
2005; Scebba et al., 2003; Hendrich and Tweedie, 2003),
while methylation of histone H3 at lysine 9 residue by
specific methyltransferases [e.g., SUV39H1 in humans (Rea et
al., 2000) and KYP/SUVH4 in Arabidopsis (Jackson et al.,
2002; Malagnac et al., 2002) generates a ‘code’ for the
recruitment of HP1 proteins (Bannister et al., 2001; Lachner
840 G. Grafi et al. / Developmental Biology 306 (2007) 838–846et al., 2001) leading to the formation of compact chromatin
structure.
To assess the importance of chromatin remodeling for
cellular dedifferentiation and proliferation, we screened Arabi-
dopsismutants in chromatin modifying genes for their ability to
form callus when triggered by callus inducing media (CIM).
Out of several mutants examined, only kyp-2 carrying a
mutation in the gene KYP/SUVH4 encoding a histone H3
lysine 9 methyltransferase (H3K9 HMTase) was impaired in
callus formation. Further analysis showed the involvement of
KYP/SUVH4 in telomerase-independent telomere lengthening
during dedifferentiation, as well as in transcription of certain
genes involved in cell cycle progression.Materials and methods
Plant growth, callus formation, protoplast isolation, DNA extraction
and southern blot analysis
Seeds of Arabidopsis thaliana (ecotypes Colombia and Landsberg erecta,
Ler), kyp-2, cmt3 (kindly provided by S. Jacobsen), ddm1-2 (kindly provided
by E. Richards), lhp1 (kindly provided by V. Gaudin) and clf (kindly provided
by J. Goodrich) were sown and incubated at 4 °C for 4 days and then grown
under short day condition (8 h light) at 21 °C. For callus formation assay, plants
were grown aseptically on solid Murashige-Skoog (MS, Duchefa) containing
2% sucrose under long day photoperiod at 22±2 °C. Leaf explants (derived from
18-day-old plants) or sterilized seeds (in 70% ethanol) were placed on callus
inducing medium [CIM, MS supplemented B5 salts, 3% sucrose, 2.2 mg/l 2,4-D
and 0.05 mg/l kinetin), incubated under the same conditions described above
and inspected for callus formation at various time points.
Protoplasts were isolated from rosette leaves of 5–6-week-old plants
essentially as described (Zelcer and Galun, 1976), except for cellulase and
macerozyme that were supplied at concentrations of 1% and 0.25%, respectively.
DNA was extracted from Arabidopsis leaves and protoplasts by the C-
elyltrimethyl ammonium bromide (CTAB) method. To determine telomere
length, genomic DNA was digested with appropriate restriction endonucleases
(indicated in figures' legends), separated on 0.8% agarose gel, blotted onto a
nylon membrane, and hybridized with 32P-labeled telomeric repeats (pAtT4, a
gift from E. Richards) (Richards and Ausubel, 1988) or with 32P-labeled
At1g01010 coding sequence. DNA probes were labeled with [α32P]dCTP using
the Nick Translation Kit (Roche) according to the manufacturer's protocol.
Protein extraction and telomeric repeat amplified protocol (TRAP)
Proteins for TRAP assay were extracted from Arabidopsis essentially as
described (Fajkus et al., 1998) and stored at −80 °C until use. Telomerase
extension reactions were carried out as described (Kwon and Chung, 2003) in
TRAP buffer [20 mM Tris–HCl (pH 8.3), 1.5 mMMgCl2, 63 mM KCl, 0.005%
Tween-20, and 1 mM EGTA] containing 200 nM GG primer 5-CACTATC-
GACTACGCGATCGG-3′, 100 mM of each dNTP, and 1.5 μg total protein
extract. Reaction mixture was incubated at room temperature for 45 min
followed by extraction of the extended products with phenol/chloroform and
ethanol precipitation. DNA samples were then amplified by PCR using 200 nM
GG primer and 200 nM telomeric repeat antisense primer 5′-CCCTAAAC-
CCTAAACCCTAAA-3′. PCR was performed for 30 cycles (94 °C/0.5 min,
62 °C/0.5 min, and 72 °C/0.5 min) and culminated with an additional 10 min
extension step at 72 °C. PCR products were resolved by 10% nondenaturing
polyacrylamide gel stained with SYBR Green (Molecular Probes) and visua-
lized using the Typhoon Laser Scanner (Amersham Biosciences).
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed on nuclei prepared
from leaves and protoplasts of wild-type (Ler ecotype) and kyp-2 plantsessentially as described (Lawrence et al., 2004) using anti-dimethylated K4
histone H3 (Upstate Biotechnology), and anti-dimethylated K9 histone H3
(Upstate Biotechnology). Precipitated DNAs were subjected to dot-blot analysis
using 32P-labeled pAtT4 plasmid, or to PCR using the following primers:
CEN180-S 5′-GAGAGGATCCCGTAAGAATTGTATCCTTGTTAG
CEN180-AS 5′-GAGAGAATTCCCTTTAAGATCCGGTTGTGG
Actin-S 5′-GGTTTTGCTGGGGATGATGC
Actin-AS 5′-CATTGAATGTCTCAAACATGATTTGAGTC
ChIP PCR conditions were 94 °C, 5 min; 30 cycles of 94 °C, 30 s; 56 °C, 30 s;
72 °C, 45 s; 72 °C, 10 min. PCR products were resolved on 1.2% agarose gel
and stained with ethidium bromide.
Affymetrix microarray analysis
Total RNAs were prepared from wild-type Ler and kyp-2 protoplasts using
RNeasy Plant Mini Kit (Qiagen). Labeled cRNAwas prepared and hybridized to
Affymetrix ATH1 GeneChips containing 22,810 Arabidopsis genes, according
to the manufacturer's guidelines (Affymetrix, Santa Clara, CA). Signal values
were obtained using Affymatrix Microarray Suite software version 5.0. Each
chip was normalized to its 50th percentile median and multiplied by a factor of
50. Genes with multiple or unambiguous probes were removed. Queries were
performed using a custom query interface developed in Microsoft Access.
Variation of data between replicates was evaluated, and as all replicates clustered
together, further analysis was carried out on mean values. To perform samples
clustering, a list of genes differentiating the samples was obtained using
ANOVA for all samples in GeneSpring, with FDR of 0.01 and Benjamini and
Hochberg correction for multiple testing. Pearson correlation clustering was
performed in GeneSpring using this list. Further data filtering and analyses were
carried out with Microsoft Excel spreadsheet software.Results
Kyp-2 mutant is impaired in callus formation
One way to track cellular dedifferentiation in plants is to
examine the capability of differentiated cells to reenter the cell
cycle, proliferate and form callus. Hence, screening for mutants
impaired in callus formation is a sound strategy to pinpoint
genes involved in cellular dedifferentiation and proliferation
(Konishi and Sugiyama, 2003). We selected several Arabidop-
sis mutants in chromatin modifying genes and examined their
capability to form callus when triggered by callus inducing
media (CIM). Among the various mutants tested (Fig. 1B), only
kyp-2, a mutant in the KRYPTONITE (KYP)/SUVH4 gene
encoding a H3K9 HMTase (Jackson et al., 2002; Malagnac et
al., 2002), was significantly impaired in callus formation. After
2 weeks on CIM more than 80% of kyp-2 seeds failed to form
callus compared to 14.5% of wild-type seeds (Supporting data,
Table 1). The kyp-2 mutant displayed a delay in callus
formation, reduced callus size, and lower survival of leaf
explants compared to wild-type (WT) plants (Figs. 1B–D).
Notably, although kyp-2 mutant shows significant reduction in
H3K9 dimethylation (Jasencakova et al., 2003; Jackson et al.,
2004), it displays normal growth and development through
many generations. In other mutants, callus formation was either
accelerated, as in lhp1, a mutation in Like-Heterochromatin
Protein 1 gene (Gaudin et al., 2001), or normal as in ddm1-2, a
mutation in a SWI2/SNF2 gene leading to decreased DNA and
histone methylation (Jeddeloh et al., 1999). Normal callus
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MOMETHYLASE3 gene affecting CpNpG (N=any nucleotide)
methylation (Lindroth et al., 2001; Bartee et al., 2001), and clf,
a mutation in the polycomb Curly Leaf gene (Goodrich et al.,
1997). The finding that ddm1-2 was capable to form callus
despite a dramatic reduction in H3K9 dimethylation suggests
that de novo KYP activity is required for normal dedifferentia-
tion and/or proliferation to take place.
Telomerase-independent telomere lengthening during
dedifferentiation involves KYP/SUVH4 activity
A characteristic feature of organ regeneration in animals is
the length of telomeres (Rudolph et al., 2000; Satyanarayana et
al., 2003). Interestingly, cultured embryonic cells of mice
carrying mutations in Suv39h1 and Suv39h2, both known to
methylate H3-K9 at heterochromatic regions, displayed abnor-
mal increase in telomere length (Garcia-Cao et al., 2004). In
view of the linkage between telomere metabolism and H3-K9
methylation, we hypothesized that the observed effect of KYP/
SUVH4 mutation on cell proliferation and callus formation is
mediated by telomeres. Using southern blot analysis we
followed changes in telomere length during the transition
from differentiated leaf cells to protoplasts. Results showed a
significant increase in telomere length in protoplasts indepen-
dently of cellular proliferation (Fig. 2A). This increase in
telomere length, however, appeared to be a stochastic
phenomenon, that is, in certain experiments telomere lengthen-
ing was not apparent (as in Fig. 2D, Ler/EXP2). Telomere
lengthening did not result from partial DNA digestion inasmuchFig. 2. Telomerase-independent lengthening of telomeres in Arabidopsis cells acqui
ecotype) protoplasts. Genomic DNAs extracted from differentiated leaf cells (L) or p
southern blotting with 32P-labeled telomeric repeats or with 32P-labeled At1g01010
marker sizes (M) are indicated. (C) Leaf cells and pluripotent protoplasts lack tel
amplification protocol (TRAP) with 1.5 μg total protein extract from callus (Ca), leav
extract. (D) Kyp-2 protoplasts show no increase in telomere length. DNA was extra
digested with DraI and subjected to southern blot analysis with 32P-labeled telomeric
(Riha et al., 2001).as the digestion pattern of a subtelomeric DNA sequence
corresponding to the At1g01010 gene was similar in leaves and
protoplasts (Fig. 2B). Using the telomere repeat amplification
protocol (TRAP) assay, we showed (Fig. 2C) that telomere
lengthening was not dependent on telomerase activity; while
protein extract derived from dividing cells displayed, as
expected, high RNA-dependent telomerase activity, neither
leaf cells nor protoplasts showed any apparent activity. Thus,
telomere lengthening during dedifferentiation appears to be
controlled stochastically by a telomerase-independent mechan-
ism(s) known as alternative lengthening of telomeres (ALT)
(Henson et al., 2002). Unlike wild-type protoplasts, kyp-2
protoplasts displayed no increase in telomere length (Fig. 2D),
suggesting that KYP/SUVH4 activity is required for ALT in
A. thaliana.
Telomeres in Arabidopsis are associated with methylated H3K9
KYP/SUVH4 HMTase in Arabidopsis is known to methylate
histone H3 mainly at heterochromatic chromocenters (Jasenca-
kova et al., 2003). To further verify the linkage between KYP
activity and telomere metabolism, we next studied the
association of telomeres with K9-methylated histone H3. We
used chromatin immunoprecipitation (ChIP) assay followed
either by dot-blot analysis to detect telomeric repeats or by PCR
to detect the centromeric 180 bp repeats (CEN180) or actin-
encoding sequence. In wild-type (WT) and kyp-2 plants, the
actin-encoding gene was associated with K4—but not with K9-
methylated H3. A dramatic reduction in K9-dimethylated H3
associated with CEN180 was observed in kyp-2 cells (Fig. 3),ring pluripotency. (A) Lengthening of telomeres in WT Arabidopsis (Columbia
luripotent protoplasts (P) were subjected to digestion with Eco RV, followed by
coding sequence to monitor the extent of genomic DNA digestibility (B). DNA
omerase activity. Telomerase activity was assayed using the telomeric repeat
es (L) and protoplasts (P) in the presence or absence of RNase A. ne, no protein
cted from leaves and protoplasts derived from wild-type (Ler) or kyp-2 plants,
repeats. Arrowheads indicate signals derived from interstitial telomeric repeats
Fig. 3. Arabidopsis telomeres are associated with K9-dimethylated histone H3. Chromatin immunoprecipitation was performed on nuclei from leaves and protoplasts
of wild-type Ler and kyp-2 mutant. Chromatin was immunoprecipitated using anti-dimethylated K4 histone H3 (αK4m2H3), anti-dimethylated K9 histone H3
(αK9m2H3) or no antibody (Mock). DNAwas extracted and subjected either to PCR using sets of primers to amplify the centromeric 180 bp repeats (CEN180) or the
actin-encoding sequence, or subjected to dot-blot analysis using 32P-labeled pAtT4. Input represents 0.02% of the chromatin subjected to immunoprecipitation.
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Analysis of telomeres showed that in wild-type leaves, as well
as in protoplasts, telomeres are associated with K9—but not
with K4-dimethylated H3 (Fig. 3), suggesting that telomeres in
Arabidopsis have features of compact chromatin structure. In
kyp-2 mutant, telomeres were no longer associated with K9-
dimethylated H3, thus pointing to the importance of KYP in
regulating telomeric chromatin configuration.
Accelerated cell cycling in tert mutant
To assess the importance of telomere length for cell cycle
progression and callus formation, we next examined the
capability of Arabidopsis telomerase reverse transcriptase
(tert) mutant to form callus. It has previously been shown that
Arabidopsis plants lacking telomerase activity can survive up
to 10 generations; late-generation mutants having very short
telomeres displayed extended life span and remained metabo-
lically active (Riha et al., 2001). We generated a homozygous
tert line from a heterozygous population of T-DNA insertion
in the single AtTERT gene obtained from the Arabidopsis
Biological Resource Center (ABRC). This line was established
through successive generations of selfing. Southern blot
analysis showed (Fig. 4A) that generation 4 (G4) tert plants
displayed a very short telomere length compared to wild-type
plants. Unexpectedly, callus formation analysis showed (Fig.
4B) inverse correlation between telomere length and division
rate, that is, G4 tert seeds displayed accelerated cell cycling and
higher callus weight compared to wild-type plants. However,G4 tert derived calluses underwent faster browning and death
than wild type calluses (Fig. 4C). This is, probably, due to
dramatic loss of telomeric DNA and increased frequency of
chromosomal bridges (Fig. 4D), which is characteristic of cells
having short telomeres (Zhang et al., 1999; Gisselsson et al.,
2005). Thus, the failure to increase telomere length observed in
kyp-2 protoplasts cannot be accounted for the delay in callus
formation.
Alteration in gene expression pattern in kyp-2 protoplasts
Another possible model is that KYP HMTase may be
required for de novo expression of specific genes whose
products are involved in setting up the dedifferentiated state or
in reentry into the cell cycle. To pinpoint possible factor(s)
regulated by KYP HMTase during dedifferentiation we have
compared the transcriptome profile of kyp-2 protoplasts with
that of wild-type ‘Landsberg erecta’ (Ler) protoplasts using the
Affymetrix–Arabidopsis ATH1 genome array. We confirmed
Affymetrix data by northern blot analysis (Supporting data,
Fig. 1). The Affymetrix microarray study revealed that several
genes that were upregulated in wild-type protoplasts re-
mained silent or displayed mild activation in kyp-2 protoplasts
(Table 1), and vice versa, several genes that were silent in wild-
type protoplasts underwent activation in kyp-2 protoplasts
(Supporting data, Table 2). Intriguingly, three genes encoding
components of the ubiquitin proteasome system, namely, E2
ubiquitin conjugating enzyme 8 (UBC8/At5g41700), RING-H2
finger-type E3 ubiquitin ligase (At5g37230) and ubiquitin con-
Fig. 4. Accelerated cell division and cell death in tert mutant with short telomeres. (A) Generation 4 (G4) tert mutant displays a significant shortening of telomeres.
Genomic DNAs extracted from G4 tert and wild-type (WT) plants were subjected to digestion with Dra I followed by southern blotting with 32P-labeled pAtT4. (B)
Accelerated callus formation in tert G4. Average callus weight±standard deviation was calculated for each line 6 weeks after incubation on CIM. The number of
calluses analyzed is indicated at the bottom of each column. (C) Accelerated browning and death of tert G4 calluses. Note the green color of the wild-type callus
compared to tert G4. Bar=5 mm. (D) Chromosome bridges in G4 tert cells. Fluorescence in situ hybridization was performed with rhodamine-labeled 180 bp
centromeric repeats (CEN180 in red) and fluorescein-18S rDNA (green). DAPI was used as a counter-stain.
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kyp-2 compared to wild-type protoplasts.
Discussion
We demonstrated here the importance of the chromatin
modifying factor KYP/SUVH4 HMTase in regulating cellular
dedifferentiation and/or cell proliferation. Histone methylation
appears to be a key element regulating both epigenetic re-
programming of gene expression as well as genetic variation
driven by DNA recombination as demonstrated by the
telomerase-independent telomere lengthening. Thus, the
increase in telomere length in the course of cellular dediffer-
entiation might be controlled by a mechanism, which is known
as alternative lengthening of telomeres (ALT) (Henson et al.,
2002). Mammalian immortalized cell lines and certain tumor
cells can maintain their telomeres in the absence of telomerase
by ALT. ALT cells are characterized by a great heterogeneity in
telomere length and by the presence of ALT-associated PML
nuclear bodies that contain extrachromosomal telomeric DNA,
telomere-specific proteins and proteins involved in DNA
recombination and replication (reviewed in Henson et al.,
2002). Telomeres are unique nucleoprotein structures at
chromosome ends that protect chromosomes from degradation
and end-to-end fusion (Chan and Blackburn, 2004). The linkagebetween telomere length, aging, and immortalization has been
well demonstrated in animal cells. Hence, while cellular/
replicative senescence is induced by telomere shortening
(Sharpless and DePinho, 2004; Ben-Porath and Weinberg,
2004), ectopic expression of telomerase prevents senescence
and extends the proliferative life-span of cells (Simonsen et al.,
2002). In plants too, cell proliferation is commonly associated
with a significant increase in telomerase activity and telomere
length (Fajkus et al., 1998; Kilian et al., 1995).
So, what is the biological significance of telomerase-
independent telomere lengthening that occurs in dedifferentiat-
ing cells. One possible explanation is that the increase in
telomere length might be advantageous over short telomeres in
reentering of Arabidopsis cells into the cell cycle. Indeed,
telomere dysfunction was associated with defects in liver
regeneration (Rudolph et al., 2000) and the analysis of liver
regeneration after partial hepatectomy in telomerase-deficient
mice shows that cells with critically short telomeres are no
longer able to reenter the cell cycle (Satyanarayana et al., 2003).
However, the analysis of Arabidopsis cells having short
telomeres [telomerase reverse transcriptase (tert) mutant]
showed inverse correlation between telomere length and
division rate, that is, tert cells displayed accelerated cell cycling
and higher callus weight compared to wild type cells. Thus, the
increase in telomere length observed in dedifferentiated
Table 1
A list of genes that are upregulated in wild type (Ler ecotype) protoplasts (LP) but are silent or down-regulated in kyp-2 protoplasts (KP) a
Genes encoding components of the ubiquitin proteasome system are highlighted.
LP/KP indicates fold increase.
a Affymetrix microarray analysis. The indicated transcript level value is an average of two repeats.
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cycle.
Another explanation is that this phenomenon induced by
dedifferentiation signals (i.e., removal of cell wall) represents
aberrant chromatin reorganization bringing telomeres close to
interstitial telomeric repeats (ITRs), which under appropriate
conditions can induce DNA recombination. This hypothesis is
supported by the findings showing that plant and animal cells
display global and extensive chromatin reorganization in the
course of cellular dedifferentiation and reentry into the cell cycle
(reviewed in Grafi, 2004), as well as by the finding showing
association of subtelomeric regions with chromocenters in Ar-
abidopsis during the transition from leaf cells to protoplasts
(Avivi et al., 2004). ITRs were found in pericentric and hete-
rochromatic regions of chromosomes of plants and mammals
(Hastie and Allshire, 1989; Biessmann and Mason, 1994;
Uchida et al., 2002), and are often correlated with genome
instability, including the formation of recombination hotspots
and chromosomal breakage (Hastie andAllshire, 1989; Bouffler,
1998; Bolzan and Bianchi, 2006). Indeed, increased somatic
recombination appears to be a general stress response in plants
(Lucht et al., 2002). Thus, dedifferentiation signals might induce
not only epigenetic reprogramming of gene expression (Dean et
al., 2003), but also genetic variation driven by DNA recombina-
tion. This complexity may explain pitfalls in nuclear cloning,
that is, low efficiency and high level of embryonic lethality, and
should be taken into consideration when reverting mature cells
to an embryonic state for the use in regenerative medicine.
Our results revealed that histone methylation by KYP/
SUVH4 plays an important role in setting up the dediffer-entiated state and/or in reentering into the cell cycle, inasmuch
as kyp-2 mutant displayed a significant delay in reentering into
the cell cycle, proliferation and callus formation. In addition,
KYP/SUVH4 appears to participate in a molecular network
underlying telomeric chromatin configuration and in DNA
recombination as revealed by the phenomenon of telomerase-
independent telomere lengthening. A link between histone
methylation and telomere metabolism has been reported.
Mutations in Suv39h1 and Suv39h2, both known to methylate
H3-K9 at heterochromatic regions, resulted in abnormal
increase in telomere length in cultured embryonic cells of
mice (Garcia-Cao et al., 2004). KYP/SUVH4 may also control
protein degradation by affecting the expression of genes
involved the ubiquitin proteolytic pathway. Ubiquitination of
proteins is a complex process, which involves the transfer of
ubiquitin – the biochemical tag marking proteins for degrada-
tion – from an enzyme called E1 (ubiquitin activating enzyme)
to another enzyme called E2 ubiquitin conjugating enzyme
(UBC). A third enzyme called E3 ubiquitin ligase facilitates the
transfer of ubiquitin from E2 to specific protein substrates
(Hershko et al., 1983; Hershko, 1988). We found that two genes
normally upregulated in wild-type protoplasts, namely, E2-
UBC8 and E3 ligase encoded by At5g37230 are downregulated
in kyp2 protoplasts. Interestingly, UBC8 was shown to be active
in ubiquitination in combination with various RING finger
domain containing E3 ligases, including the E3 RING H2
encoded by the At5g37270 gene (Stone et al., 2005; Kraft et al.,
2005), which is closely related to the At5g37230 gene product
(93% amino acid sequence identity) found in the present work.
Thus, KYP/SUVH4 appears to control the expression of both
845G. Grafi et al. / Developmental Biology 306 (2007) 838–846the E2 and its corresponding E3 partner to bring about ubi-
quitination of, as yet unknown, protein substrates. Microarray
data showed activation of polyubiquitin genes in protoplasts of
both wild-type and kyp-2 (Supporting data, Table 3), which is
consistent with previous reports showing that the transition of
tobacco leaf cells into protoplasts is accompanied by abrupt
increase in ubiquitin gene expression (Jamet et al., 1990). Thus,
activation of the ubiquitin proteolytic system might represent a
critical point in cellular reorganization, namely, selective
destruction of proteins involved in maintaining the old function
of a cell and a concomitant activation of proteins that are
essential for the establishment of dedifferentiation and/or cell
proliferation. In plants, the ubiquitin system regulates various
aspects of development including hormone signaling, embry-
ogenesis and senescence (Moon et al., 2004). It has been
implicated in cell cycle progression both in animals and plants
(Kondorosi and Kondorosi, 2004; Hershko, 2005), and it was
required for reentry of protoplasts into the cell cycle (Zhao et al.,
2001).
Taken together, our results suggest that de novo methylation
of H3K9 by KYP/SUVH4 HMTase is required for ALT as well
as for the establishment of the dedifferentiated state and/or for
inducing cells to reenter the cell cycle, at least partly, through
activation of genes whose products are involved in the ubiquitin
proteolytic pathway.
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